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Recent advancement in wavelet-based noise reduction strategies has enabled access to the location, timing, and morphology of these action potentials . Using this approach, we have observed that APs within the MSNA neurogram vary in size and conduction velocity Steinback et al. 2010) . Importantly, there is a range of AP sizes that are variously expressed over time. For example, small-medium sized APs are present in most bursts, whereas the larger APs are sporadic in their appearance, being more likely to appear in larger bursts. Based on these observations, we reasoned that if 1) burst size is a function of the number of APs, 2) large APs contribute mainly to the larger bursts, and 3) the baroreflex mechanism has minimal impact on burst size, then perhaps the occurrence of larger APs is related poorly to a baroreflex mechanism, in contrast to smaller and more prevalent APs. This model would reconcile the poorer overall relationship between integrated burst size and diastolic blood pressure compared with the occurrence of a burst that is a function of any multiunit AP response.
Therefore, the purpose of this study was to test the hypothesis that the discharge patterns of APs within spontaneously occurring bursts of postganglionic MSNA are subject to arte-rial baroreflex control but in a manner that varies inversely with AP size.
MATERIALS AND METHODS
Participants. Fifteen healthy subjects (8 males, 7 females, 27 Ϯ 4 yr) volunteered for this study. All participants were healthy as determined by a medical questionnaire and family history. The participants provided signed consent to the study procedures, and these procedures were approved by the Human Subjects Research Ethics Board at The University of Western Ontario.
Data acquisition and recording conditions. Continuous beat-bybeat measurements of mean arterial pressure were made with a photoplethysmograph finger cuff (Finometer; Finapres Medical Systems, Amsterdam, The Netherlands) from the middle finger of the right hand. Blood pressures obtained from the Finometer were validated with manual sphygmomanometer blood pressure measurements. Changes in cardiac output were acquired using the Finometer Modelflow algorithm. Heart rate was measured with a standard lead II electrocardiogram (ECG; Pilot 9200; Colin Medical Instruments, San Antonio, TX). Data were collected on Chart 5 Powerlab data acquisition system (ADInstruments, Colorado Springs, CO).
Recordings of MSNA were obtained from the fibular (peroneal) nerve using a 200-m diameter, 35-mm long tungsten microelectrode tapering to an uninsulated 1-to 5-m tip. This electrode was inserted percutaneously into the nerve just posterior to the fibular head. A reference electrode was positioned subcutaneously 1-3 cm from the recording site. An MSNA site was obtained by manually manipulating the microelectrode until a characteristic pulse-synchronous burst pattern was observed. The recording site was taken to provide MSNA when the burst pattern exhibited pulse synchronicity, was not associated with skin paresthesias, increased in response to voluntary apnea but not during arousal to a loud noise (Hagbarth and Vallbo 1968) , and exhibited a burst probability that was inversely related to diastolic blood pressure (Sundlof and Wallin 1978) . Neurograms were processed with a nerve traffic analysis system (662C-3; Bioengineering of University of Iowa, Iowa City, IA). The neural signal was preamplified with a gain of 1,000 (using preamplifier and isolation amplifier, gain ϭ 100 and 10, respectively) and further amplified with a gain of 75 (using a variable gain amplifier gain ϭ 0.1-99). This neuronal activity was then band-pass filtered (bandwidth of 700 -2,000 Hz), and the filtered MSNA was rectified and integrated. Integration was accomplished with a leaky integrator set with a 0.1-s time constant. All signals were digitized with a data acquisition system (PowerLab software; ADInstruments) at a sampling rate that varied from 100 Hz for the rectified and integrated neurogram to 10 kHz for the amplified and filtered neurogram. Previous work from our laboratory (unpublished observations) indicates that the band-pass filter settings applied to the raw data do not impair our ability to detect AP waveforms. However, the impact of signal conditioning, including amplifier characteristics and band-pass filter settings, on AP morphology requires further assessment.
Integrated bursts of MSNA were identified as exhibiting pulse synchrony, having a signal to-noise ratio of at least 2:1 (i.e., the ratio of the amplitude of the burst and the baseline) with respect to the previous period of neural silence between bursts. Burst occurrence was confirmed by visually inspecting the corresponding raw neurogram. All integrated MSNA bursts were detected and labeled automatically in Powerlab software using amplitude thresholding. The corresponding band-pass-filtered MSNA neurogram underwent AP detection.
AP detection and analysis. APs were detected and extracted from the filtered raw MSNA signal using the techniques developed previously . Briefly, this technique uses a continuous wavelet transform (CWT) for AP detection. The CWT used a "mother wavelet" that was adapted to an actual average AP waveform constructed from physiological recordings of postganglionic sympathetic APs (i.e., matched mother wavelet had the same morphology as a physiological sympathetic AP; Salmanpour et al. 2010) . The designing process involves 1) detecting APs from the filtered raw MSNA signal and averaging them to build a mean AP template, and 2) matching the amplitude and the phase of the new mother wavelet to that of the mean AP template in the frequency domain .
The CWT with the matched mother wavelet was applied to the filtered MSNA to provide a wavelet coefficient between the signal of interest (i.e., an AP) and the mother wavelet such that the wavelet coefficient was largest in the presence of the APs and negligible when applied to noise. Wavelet coefficients related to APs and noise were separated based on thresholding analysis . The exact location of the negative peak for each AP was then detected by isolating the largest suprathreshold wavelet coefficient. With the use of this location information, the AP waveforms were obtained from the original signal by putting the estimated location of APs in the center of a predefined window (3.2 ms). In this way, the amplitude and morphology of each extracted AP remained unaltered.
Extracted APs were grouped as overlapped (i.e., the summated signal of two co-occurring APs) or single APs based on their morphology (for a complete performance evaluation of our AP detection algorithm on overlapping APs, see Salmanpour et al. 2010) . Then, nonoverlapped APs were ordered based on peak-to-peak amplitude and histogram analysis was performed to separate APs into amplitudebased clusters based on Scott's rule (Scott 1979 ). Scott's rule proposes the optimal histogram bin width based on the sample size and an estimate of the SD of the data. As such, the number of AP clusters in the neurogram varied amongst subjects.
The signal-to-noise ratio for a period of data was determined as the amplitude of the negative peak of the mean AP over the SD of the background noise (i.e., during sympathetic silence).
Baroreflex analysis. The nomenclature and approach described by Sundlof and Wallin (1978) and Kienbaum et al. (2001) were used to construct the baroreflex threshold and baroreflex sensitivity regressions for each of the integrated and band-pass filtered neurograms. Thus four sets of curves were constructed per individual. First, for the integrated MSNA signal, the baroreflex threshold diagrams examined the occurrence of sympathetic bursts across corresponding diastolic blood pressure bins. To do so, diastolic pressures of individual heart beats were grouped based on Scott's rule (i.e., variable bins for each individual), and for each interval, burst occurrences (i.e., whether or not a sympathetic burst occurred during a given heart beat) were calculated and plotted against the mean diastolic pressure for each bin interval. The use of Scott's rule to establish the number of bins/subject optimized the AP content within each diastolic blood pressure bin. Second, the baroreflex sensitivity diagrams were constructed for the integrated MSNA bursts by plotting the relationship between strength or amplitude of the integrated sympathetic bursts and the corresponding diastolic blood pressure.
For the band-pass filtered neurogram, baroreflex threshold diagrams were developed for each AP cluster whereby the probability of AP occurrences within each AP cluster was assessed as a function of diastolic blood pressure. Thus individual regressions were constructed for each cluster found in that individual's recording. Finally, the baroreflex sensitivity analysis of the raw band-pass filtered MSNA signal was based on the relationship between the number of AP clusters found in a particular burst and the corresponding diastolic blood pressure because burst amplitude is determined by both the number and size of the spikes that make up that burst and these two features are captured in the number of AP clusters.
Statistical analysis. Values are given as means Ϯ SD. Linear regression analysis was used to establish the baroreflex threshold and sensitivity slopes and Pearson correlation coefficient values. Probability values Ͻ0.05 were considered statistically significant.
RESULTS
Corresponding filtered raw and integrated MSNA data were obtained from continuous recordings of 5 min during supine rest for burst and AP analysis. The mean integrated MSNA burst frequency was 16 Ϯ 8 bursts/min (range from 6 to 30), and the burst incidence was 28 Ϯ 14 bursts/100 heart beats (range from 10 to 60). An example of the raw MSNA data and detected APs at baseline is shown in Fig. 1 . In the present study, the average signal-to-noise ratio for the data was 3.8 Ϯ 0.2. Based on a previous performance analysis , this level of signal-to-noise would produce a correct detection rate of 92 Ϯ 10% and a false positive detection rate of 3%. Figure 2 illustrates representative examples of baroreflex threshold and sensitivity diagrams for the integrated bursts of MSNA from one individual. A significant baroreflex threshold relationship was observed in each participant (all P Ͻ 0.05; n ϭ 15) with the mean correlation coefficients being r ϭ Ϫ0.82 Ϯ 0.1. In contrast, significant slopes (P Ͻ 0.05) for the baroreflex sensitivity plots (burst amplitude) were observed in only 8 of the 15 participants. For these eight individuals, the mean correlation coefficient was r ϭ Ϫ0.3 Ϯ 0.06.
As outlined above, nonoverlapped APs were ordered based on their peak-to-peak amplitudes and similar APs were assigned to an amplitude-based cluster. A representative example of detected sympathetic AP clusters is shown in Fig. 3 . The extracellular AP in human MSNA is triphasic and templates similar to those produced in the current study have been shown previously (Inglis et al. 1996; Macefield and Wallin 1999) .
With the use of the same individual's data from Fig. 3, Fig. 4 illustrates the alignment of each AP cluster's appearance in relationship to the size of the corresponding integrated MSNA burst and diastolic blood pressure throughout the five-min recording period. In general, with the exception of the smallmoderate sized APs, which appeared similarly across the range of burst sizes, the larger AP clusters tended to appear within larger bursts. Also, note that there is no particular pattern between the diastolic blood pressures and peak-to-peak amplitude of AP clusters.
To continue with the same individual's illustrative data from Figs. 3 and 4 above, so that continuity of the analytical approach of the same 12 clusters can be viewed, a representative example of the baroreflex threshold diagram for the occurrence of each AP cluster is shown in Fig. 5 . Here, a negative linear correlation was observed where the probability of AP occurrence was higher at lower diastolic blood pressures. Table 1 displays the mean baroreflex threshold correlation coefficient for all AP clusters for each individual, as well as the percentage of relationships with a significant correlation for each subject. Note, that a linear relationship was observed for almost all AP clusters in each individual. However, the slope of the regression was not always different from zero, particularly for the larger APs. Thus significant baroreflex threshold curves were observed for 100% of AP clusters in 8 of the 15 individuals, whereas 7 individuals expressed significant curves in 76 -95% of AP clusters (see Table 1 ).
The individual baroreflex threshold diagrams in Fig. 5 suggested that, while significant for most AP clusters, the degree (i.e., slope) of the baroreflex influence on each cluster varied with the peak-to-peak amplitude of that cluster. To illustrate this further, Fig. 6 , A and B, demonstrates the normalized slope of the baroreflex threshold relationships as a function of normalized spike cluster amplitude for all participants (Fig. 6A ) and the mean response (Fig. 6B ). This analysis indicates that the small-medium clusters exhibit a steeper slope than the larger clusters.
Baroreflex sensitivity relationships for individual AP clusters followed the same trend as for the integrated MSNA bursts shown above. In particular, weak but significant correlations (P Ͻ 0.05) between the number of distinct AP clusters and diastolic blood pressure in only 9 of the 15 participants (i.e., the remaining participants did not show significant correlation slopes) producing a mean correlation coefficient of r ϭ Ϫ0.21 Ϯ 0.08 across the group. A representative example for the same 12-cluster data set is shown in Fig. 7 .
DISCUSSION
The major finding of the current study was that most APs within bursts of MSNA express a significant linear relationship with diastolic blood pressure. This provides strong evidence that almost all postganglionic sympathetic neurons receive some degree of baroreflex modulation. However, the magnitude of this effect appears to vary with the size of the AP. In particular, small moderately sized APs expressed a strong baroreflex threshold slope whereas the occurrence of larger APs expressed a weaker association with diastolic blood pres- Notice the lower diastolic pressures were associated with a higher probability of sympathetic burst occurrences. B: representative example of a baroreflex sensitivity diagram in the same individual where the normalized amplitude of sympathetic bursts were plotted against the corresponding diastolic blood pressures. sure. Thus, overall, postganglionic sympathetic APs demonstrate control by the baroreflex mechanism that is inversely related to AP size.
Exploration into the central means by which MSNA neurones are recruited has been a focus of research for some decades but with distinct limitations in human recordings that include access to individual sympathetic neurones and poor signal-to-noise in the sympathetic neurogram. The earliest recordings in humans, showing pulse synchrony in MSNA bursts, provided the first evidence of a strong baroreflex influence over the occurrence of efferent sympathetic bursts (Sundlof and Wallin 1978) . Subsequently, it has been shown many times that the occurrence of sympathetic bursts is linearly related to diastolic blood pressure and influenced strongly by external influences that modify baroreceptor afferent activity such as neck suction/pressure (Ogoh et al. 2003) , lower Fig. 3 with diastolic blood pressure. All clusters show a negative correlation with diastolic blood pressure where the probability of occurrence is higher during lower diastolic blood pressure.
body suction (Victor and Leimbach 1987) , and pharmacologic adjustments in blood pressure (Rudas et al. 1999) . However, the mechanisms involved in determining the AP content of each burst, studied mostly from the perspective of integrated burst amplitude, have been more difficult to study. Based on the weak association between integrated MSNA burst amplitude and diastolic blood pressure, it has been concluded that burst amplitude reflects modulation by nonbaroreflex sites (Malpas 2010; Kienbaum et al. 2001 ). This varied relationship between burst occurrence and amplitude was observed in the current study as well (Fig. 2) . Neither does burst amplitude change as much as burst occurrence in baroreflex models of sympathoexcitation (Shoemaker et al. 2001; Sundlof and Wallin 1978) , providing additional support for the hypothesis that the size of a given burst is affected by yet-undetermined nonbaroreflex influences. By inference, some aspect of the APs contributing to the size of a given burst must also be determined by nonbaroreflex means because the size of each burst is believed to be determined by the number of active neurons firing more-or-less simultaneously (Ninomya et al. 1993 ). Our analysis indicates both the number and size of the APs affect the integrated burst amplitude. Nonetheless, the question of baroreflex control over recruitment of postganglionic neurones has received little direct attention in human studies due to methodological constraints on isolating the population of APs Values are means Ϯ SE. Fig. 6 . A: slope of baroreflex action potential occurrence diagrams shown in Fig. 5 as a function of action potential cluster size for all subjects where 100% represents the steepest slope in y-axis and smallest cluster amplitude in x-axis, respectively. B: mean slope baroreflex action potential occurrence diagrams, binned across participants, as a function of normalized cluster amplitude during baseline. Numbers indicate the number of subjects per bin. in the neurogram. Therefore, the current data are the first to explore the population-based properties of APs comprising the MSNA bursts and how they relate to spontaneous fluctuations in diastolic blood pressure.
As outlined above, a wavelet denoising approach and AP clustering analysis have enabled the detection and analysis of individual AP clusters within the efferent postganglionic MSNA neurogram. Evidence from this approach indicates that APs vary in size Steinback et al. 2010) with larger APs demonstrating a faster conduction velocity . Thus these larger voltage signals appear to be from larger axons supporting evidence for the varied size of postganglionic C fibers (Fazan et al. 2002) . The current data reinforce earlier observations that small-moderate sized AP clusters are present in most bursts, whereas the larger APs tend to appear in larger integrated bursts. It is these variations in AP cluster size that become the important determinant of baroreflex control over MSNA burst occurrence and amplitude in the current study.
While these larger APs appear infrequently under baseline conditions , their incidence increases during high chemoreflex stress ) and extreme levels of lower body suction , indicating that these larger clusters reflect a subpopulation of postganglionic neurons that are recruited infrequently at baseline but more during high stress. The nature of baroreflex control over these clusters during these high stress states remains to be studied.
The current approach enables the study of all APs in a recording but cannot provide information on the behavior of a single axon over time. Previously, Macefield et al. (1994) and Macefield and Wallin (1999) used a modified microneurographic technique with higher impedance electrodes and demonstrated that, in young healthy individuals, single neurons have a firing probability of 30% producing a low firing rate of 0.5 Hz with usually just one appearance per cardiac cycle. While it is difficult to make direct comparisons of firing patterns between single neurons and AP clusters, which define a group of similarly sized APs, we have determined that the overall AP cluster incidence rate per burst for the current sample was 35 Ϯ 9% with a 16 Ϯ 8% chance of a given AP cluster being present more than once in a particular burst. Importantly, only in one participant did the largest AP cluster show up more than once in a burst and, on average, the largest 24% of AP clusters were not present more than once in any burst.
Baroreflex threshold for AP occurrence. The current data suggest that there is a continuum of influence of baroreflex inputs on the individual populations of APs. With the exception of up to 24% of APs in some individuals, almost all APs, regardless of size, displayed a linear and significant relationship to diastolic blood pressure. However, the slopes were smaller for the larger APs. Therefore, the gain of baroreflex influence over individual APs is inversely related to AP size. Because bursts are comprised of individual APs, the presence of any APs that express strong arterial baroreflex control will result in bursts that follow suit. This explains the observation of strong baroreflex control over MSNA burst occurrence. However, the presence of APs that 1) are less frequently expressed, 2) contribute proportionately more to the integrated burst area due to their larger size, and 3) are weakly associated with a baroreflex mechanism will weaken the association between the strength of the integrated burst and blood pressure.
The present analysis cannot explain the physiologic origin and/or consequence of the size-dependent relationship to baroreflex control. Also, whether or not these APs are influenced by multiple excitatory stimuli, such as emotive or chemoreflex stress, or inhibitory influence that prevents their more frequent occurrence was not assessed in this study. However, the baroreflex is unlikely to be the sole determinant of these larger APs. For example, evidence in humans indicates that chemoreflex stress has a strong influence on the expression of these larger APs Breskovic et al. 2011) . Also, the large variation in burst amplitude, even among neighboring bursts, points to the complexity of postganglionic sympathetic recruitment.
Baroreflex sensitivity for AP cluster size. Whereas linear relationships were observed in almost all AP baroreflex threshold relationships, significant slopes of the cluster size vs. diastolic pressure relationship were observed in only 9 of the 15 participants (60%) producing a mean correlation coefficient of r ϭ Ϫ0.21 Ϯ 0.08. These outcomes are remarkably similar to those for the baroreflex sensitivity relationship for integrated bursts reported here (8/15 individuals; r ϭ Ϫ0.3 Ϯ 0.06) and by Kienbaum et al. (2001) who studied these relationships in 60 individuals (55% of individuals; r ϭ Ϫ0.21 Ϯ 0.08). It appears that these large APs, the presence of which is weakly affected by a baroreflex mechanism, exert important influence over the association of that burst with diastolic blood pressure.
Study limitations. 1) The current conclusions are based solely on recordings from the fibular nerve of young healthy humans under baseline conditions using spontaneously occurring neural activity. It is possible that, given evidence of differential distribution of postganglionic sympathetic discharge patterns, the baroreflex modulation of individual neurons supplying the kidney or the heart, for example, may vary from the observations in the current study. It is also likely that baroreflex modulation of AP appearance changes with heightened reflex-induced changes in sympathetic outflow. 2) Uncertainties exist regarding the position and stability of the recording electrode relative to the number of axons being recorded in the microneurography procedure. The current recordings were made under supine rest conditions to minimize the risk of electrode movement. Regardless, we have reported that burst size is unimodal, normally distributed, and reproducible over several weeks (Kimmerly et al. 2004) . Therefore, from burst to burst, the stability of the electrode is reasonable and variations in AP content can be gleaned with confidence in stable recordings.
Perspectives
The current data indicate that almost all detectable APs in spontaneously occurring bursts of MSNA exhibit a linear relationship to diastolic blood pressure but the strength of this relationship varies inversely with AP size. Therefore, the larger APs, which appear less frequently, may reflect a subpopulation of neurons the recruitment of which is affected by multiple stimuli but not dominated by baroreflex modulation. The factors affecting the recruitment of this subpopulation are not known but could include either tonic restraint or higher recruitment thresholds at some stage of the baroreflex pathway. 
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
AUTHOR CONTRIBUTIONS
Authors contribution: A.S. and J.K.S. conception and design of study; A.S. development of the multiunit analysis algorithm; A.S. and J.K.S. data analysis and interpretation; A.S and J.K.S. drafted manuscript; A.S. and J.K.S. critical review of manuscript before publication. Data for the current manuscript were collected in the laboratory of J.K.S. The authors declare no competing financial interests.
